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LOWTHRESHOLD

ÁWIMP Detection

NUCLEARRECOILDISCRIMINATION

ÁWIMP Detection

SENSITIVITYTOLOWPOWERLEVELS

Á CMB

QUANTUM-LIMITED(ORSUB-SQL) SENSING

Á Axion/ Hidden-photon detection

Á Quantum information

HIGHSPEED

Á Communications, Timing

Á Quantum Information

HIGHEFFICIENCY

Á X-ray materials analysis

Á Quantum Information

HIGHRESOLUTION

Á X-ray spectroscopy

Why cryogenic detectors?

High sensitivity and low noise 
give you many advantages

ӊ <ON at a cost in complexity
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Overview Outline

ÅThe components of a cryogenic detector

ÅState of the art of cryogenic detectors in 
HEP applications
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1. The signal: what are we looking for?
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2. Coupling: absorbers, antennas, filters, etc.
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3. Sensors: TES, MKID, Resonator, ...
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1.Signal          2.Coupling    3.Sensor      4. Coherent      5.Readout
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4. Coherent amplifier

Optional non-classical operation:
(squeezing, entanglementé)
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1.Signal          2.Coupling    3.Sensor      4. Coherent      5.Readout

Preamp DAQ, 

Software

5. Room-temperature readout / DAQ
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Optional: cryogenic signal multiplexing (MUX)

1.Signal           2.Coupling    3.Sensor     4.Coherent  and MUX      5. Readout

Preamp DAQ, 

Software

S
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This session
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What can cryogenic detectors detect?

Spin 0 
bosons

Spin ½
fermions

Spin 1 bosons Spin 3/2
fermions

Spin 2 
bosons

Standard 
model + 
gravity

Electron Photon / EM 
wave

Graviton/ 
gravity wave

Muon

Neutrinos
electron, 
mu, tau

Dark matter-
candidates
(incomplete)

Axion Neutralino
WIMPs 

Hidden photon Gravitino

Dark energy (expansion 
history via
photons)

Example: "Long"-lived, free elementary particles
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What can cryogenic detectors detect?

Spin 0 
bosons

Spin ½
fermions

Spin 1 bosons Spin 3/2
fermions

Spin 2 
bosons

Standard 
model + 
gravity

Electron Photon / EM 
wave

Graviton/ 
gravity wave

Muon

Neutrinos
electron, 
mu, tau

Dark matter-
candidates
(incomplete)

Axion Neutralino
WIMPs 

Hidden photon Gravitino

Dark energy (expansion
history via 
photons)

Cryo-det used Cryo-det could be used ???
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Fields and particles: photons

Photon detection
Energy resolution
DErms

2 = kBT2C for thermal 

calorimeter

Electromagnetic field detection
Photon noise:
SP = 2hf P(1+n)

Can measure:
Power, polarization (spin), energy (frequency), phase
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Heavy (particle) DM

ÅCan be thermal generation

Åe.g. WIMPs, ALPs, hidden 

photons

Light (field) DM

ÅMust be a boson

ÅNon-thermal generation

ÅLight Scalar (QCD axion, ALP)

ÅVector (hidden photon)

Fields and particles: dark matter

Field-like Particle-like
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2. Coupling: absorbers, antennas, filters, etc.
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Nuclear recoil in 
semiconductor crystals:
Large crystals for low 
coupling measurements

And CaWO4 
scintillators:
CRESST

Cryogenic detector coupling to WIMPs

CDMS              EDELWEISS-II
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Coupling to photons: from CMB to g-ray

Submm: resonant 
cavity absorbers

Soft x-ray: Bi thin fims
CMB: feedhorns with 

lithographic OMT Near IR & optical: TES with 
antireflection coating

(Sae Woo Nam et al., NIST)

Gamma-ray: thick 
superconducting foil
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3. Sensors: TES, MKID, Resonator ...
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3 relevant sensor types for HEP

ÅCoherent amplifier

ÅCalorimeter (measures energy, e.g. WIMP)

ÅBolometer (measures power, e.g. CMB)
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Coherent amplifier limited by quantum noise

Consider an electromagnetic field: 

E(x, t) =X1(x,t)cos(ɤt) +X2(x,t)sin(ɤt)

Heisenberg uncertainty places a 

fundamental limit on how well you 

can know both amplitude and

phase, or both X1 and  X2 X1

Å Phasor diagram shows how well you can measure / amplify cosine and sine 

simultaneously ïresult is a ball of 'noise' of magnitude ½ photon (+ ½ photon 

from amplification). This is the Standard Quantum Limit (SQL)

Å Incoherent detectors measure only amplitude ïwith no quantum noise.

Å Squeezing / entanglement: measure only one quadrature ïwith no quantum 

noise
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Coherent amplifiers for light-field dark matter

ADMX
ÅAxion dark matter search
ÅCavity resonator
ÅMicrostripSQUIDs and 

parametric amplifiers

DM Radio
ÅAxionsand hidden photons
ÅLumped-element resonator
Ådc SQUIDs, ac SQUIDs, and 

parametric amplifiers
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Superconducting transition-edge sensor (TES)

In 1938, Donald Hatch Andrews invented a thermal sensor based on this 
transition: the superconducting transition-edge sensor (TES).

He used it to build:
1. The world's first particle calorimeter (alpha)
2. Theworld's first infrared imager (real time!)

D.H. Andrews 
A real-time infrared 
image taken with a TES in 
1945
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Modern TES: K.D. Irwin, APL 66, 1998 (1995).
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Microwave kinetic inductance detector (MKID)

Energy Gap

Silicon ï 1.10000 eV

Aluminum ï0.00018 eV

Much smaller generation-recombination 

noise 

P. Day, Nature, vol. 425, pp. 817-821, 2003
































